A commercial activated carbon was systematically modified by heat treatment at 450°C and 850°C to obtain a series of carbons with various oxygen contents, porous structures and surface functionalities. The carbons were used to investigate the role of adsorbent properties on the removal of naphthalene from aqueous solution. The results confirmed that the adsorption of naphthalene depended strongly on the pore-size distribution of the adsorbent. DTG analysis of the exhausted samples indicated that adsorption forces were stronger in carbons with pores of dimensions close to those of naphthalene. Functionalization of the carbon also influenced its overall adsorption capacity, with uptake being favoured in carbons of a basic nature. The hydrophilic character of the carbons gave rise to strong water competition due to increasing polarity in the adsorbents. This polarity created hydration clusters that reduced the accessibility and affinity of naphthalene molecules to the inner pore structure.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a ubiquitous class of organic compounds which have been identified in a variety of waters and wastewaters (Douben 2003; Williams 1990) . Although PAHs originate from a number of natural sources (i.e. volcanic eruptions and forest fires), a major source in the environment is anthropogenic being associated with incomplete fuel combustion processes in industrial processes, domestic heating systems, incinerators, etc. Due to their mutagenic and carcinogenic properties, PAHs constitute an important class of highly toxic environmental pollutants (Williams 1990) . In recognition of this, the European Environmental Agency (EEA) has included these compounds in its list of priority pollutants to be monitored in industrial effluents (EU Directive 2000/60/EC). In addition to their toxicity, PAHs are classified as refractory compounds; they, therefore, have long-term persistence and are highly mobile in the environment, accumulating in the air, water streams, soil and food.
Several methods have been developed for the removal of PAHs from water and wastewater. These include biodegradation (Ebihara and Bishop 2002; Holma et al. 2002) , scrubber absorption (Wu and Lee 2004), high-energy electron beam irradiation (Cooper et al. 2002) , ozonization (Gottschalk et al. 2000) , photo-oxidation and adsorption (Walters and Luthy 1984; Ania et al. 2007 ). However, their low biodegradability hinders their widespread removal from wastewater by biological treatment. For this reason, immediate attention to the most effective treatments for the removal of PAHs is necessary. Nowadays, adsorption onto activated carbons is one of the most attractive techniques for the removal of highly refractory compounds (Bandosz 2006) , since this method has the advantage of being a low-energy-demanding process, the possibility of regeneration exists and there is a broad availability of adsorbents.
Most of the research on the adsorption of PAHs onto activated carbons has been performed from the gas phase (Mastral et al. 2002) whereas studies of their removal from aqueous streams have lagged somewhat behind (Walters and Luthy 1984; Seredych and Gierak 2004; Seredych et al. 2005; Ania et al. 2007) . Moreover, the mechanisms for the adsorption of aromatic compounds and the role of the adsorbent characteristics are still ambiguous and remain unclear.
The main objective of the present research was to investigate the role of the porosity and surface composition of the adsorbent on the removal from the aqueous phase of naphthalene, one of the PAHs generated from industrial processes (i.e. coke ovens and iron-making) most frequently found in wastewaters. Knowledge of the principal basis for the adsorptive behaviour of PAHs onto activated carbons is critical in developing an understanding of the environmental control and environmental fate of these compounds.
For this purpose, the surface chemistry of a commercially available activated carbon was carefully modified via heat treatment at different temperatures, thereby obtaining a series of adsorbents with various oxygen contents and similar porous structures. The modification of the surface chemistry by heat treatment enables a better control of the nature of the surface functionalities removed from the carbon surface, as opposed to frequent modification via wet oxidation where different functionalities are usually randomly introduced into the carbon matrix.
EXPERIMENTAL

Materials
A commercial granular activated carbon, C, was used as the starting material in this study. This activated carbon was kindly supplied by Norit and was obtained via the chemical activation of wood with phosphoric acid. The sample was ground, sieved and a particle size fraction of 0.71-1.0 nm was used for the experiments. Samples of the as-received carbon C were treated separately at two different temperatures (450°C and 850°C) over a period of 30 min under a nitrogen flow rate of 100 cm 3 /min. These treated samples will be referred to below as CHT4 and CHT8, respectively.
Characterization techniques
Textural and chemical characterization
Textural characterization was carried out by measuring the nitrogen (Micromeritics ASAP 2010M) and CO 2 (Micromeritics TriStar) adsorption isotherms at -196°C and 0°C, respectively. Before such measurements, the samples were outgassed overnight under vacuum at 120°C. The N 2 isotherms were used to calculate the specific surface areas (S BET ), total pore volumes (V T ) and pore-size distributions which were evaluated using density functional theory (DFT). The distribution of pores smaller than 0.7 nm (narrow microporosity) was assessed from CO 2 adsorption isotherms by applying the Dubinin-Raduskevich (DR) equation (Dubinin 1966 ) using 1.023 g/cm 3 as the density of adsorbed CO 2 and 0.36 as the value of the β parameter.
Point of zero charge (PZC)
The nature of the carbon surface was determined from the pH value corresponding to the point of zero charge (pH PZC ). This was measured by the mass titration method as described by Noh and Schwarz (1989) employing the following procedure. Thus, 0.25 g of granular activated carbon was dispersed in a suitable volume of distilled water and stored with constant stirring under a nitrogen atmosphere at room temperature until equilibrium was attained (ca. 48 h). Typical activated carbon/water ratios employed were 1, 2, 4, 6, 8, 10, 12, 14 and 16. Once equilibrium had been reached, the pH value was measured via a glass electrode. Newly distilled water was then added in order to obtain the next solid/weight fraction. The plateau in the plot of equilibrium pH versus solid weight fraction corresponded to the pH PZC value of the activated carbon. The materials were further characterized by ultimate analysis.
X-Ray photoelectron spectroscopy (XPS)
The different types of functional groups were identified by X-ray photoelectron spectroscopy (XPS) using an ESCALAB MK2 (VG Instrument) apparatus equipped with an aluminium X-ray source (Kα radiation) operating at a pressure of 6.7 × 10 -7 Pa. The C1s peak with a binding energy (BE) of 284.6 eV was used as a reference to correct the effects of sample charging.
Thermal analysis
Thermal analysis was carried out using a TGA92 thermogravimetric analyzer from Setaram (TG). Temperature-programmed desorption (TPD) experiments were undertaken under an argon flow rate of 50 cm 3 /min at a heating rate of 15°C/min, up to a final temperature of 1000°C. An Omnistar quadrupole mass spectrometer from Balzers (MS) and a Nexus infrared spectrometer from Nicolet (FT-IR) linked to the thermobalance were used for evolved gas analysis. About 35 mg of a ground carbon sample was used for each experiment.
Adsorption from solution
Equilibrium adsorption isotherms for the retention of naphthalene were obtained from closed batch experiments at 30°C using the bottle-point technique (Leng and Pinto 1997) . Prior to such experiments, kinetic measurements were performed to determine to the time necessary to attain equilibrium (ca. 3 days). Different amounts of activated carbon (ranging from 50 mg up to 1 g) were weighed accurately and placed in dark glass flasks containing 100 cm 3 of a solution of the organic compound with an initial concentration of 30 ppm. The flasks were covered with caps and shaken at 100 rpm until equilibrium was reached. Afterwards, the adsorbate concentration in the supernatant liquid was measured using a Shimadzu 2501 UV-vis spectrophotometer at a wavelength of 275.5 nm. The amount adsorbed, q e , was calculated from the equation q e = (C 0 -C e ) • V/m, where C 0 is the initial concentration, C e is the concentration of the remaining solute at equilibrium, V is the volume of the solution and m is the mass of the adsorbent. All solutions were prepared using de-ionized water.
RESULTS AND DISCUSSION
Characterization of the as-received activated carbons
Detailed characteristics of the porous networks of the series of heat-treated carbons were obtained from gas adsorption data. Figure 1 shows the N 2 adsorption isotherms of the as-received carbon samples together with those obtained after naphthalene exposure [labelled with the abbreviation "(sat)"]. It will be seen that all the isotherms were of type I according to the BDDT (Brunauer-Deming-Deming-Teller) classification (Brunauer et al. 1940) , indicating that they were microporous materials. All the isotherms also tended towards type IV in character, with a hysteresis loop in the desorption branch at relative pressures above 0.5 which was associated with capillary condensation in the mesopores. Thus, the carbons also presented a well-developed mesoporosity which remained virtually unaltered after heat treatment regardless of the temperature employed. It is interesting to note that samples C and CHT4 displayed similar N 2 adsorption isotherms, despite the former having been subjected to heat treatment at 450°C. In contrast, the amount of nitrogen adsorbed by CHT8 decreased noticeably as a consequence of the higher treatment temperature. The apparent BET surface areas were almost the same for C and CHT4 (1477 m 2 /g versus 1489 m 2 /g, respectively) whereas that for CHT8 decreased by 30% (1063 m 2 /g). Figure 2 shows the pore-size distributions (PSDs) of the series of carbons obtained by application of the DFT method assuming a slit-shaped geometry for the pores. Neither the micro-nor the meso-porosity in CHT4 were different from those in the parent carbon C, although important changes were observed for the CHT8 sample. Heating at 850°C resulted in a large decrease in both the micropore and mesopore volumes ( Figure 2 ) as well as in an increase in the average micropore size. The narrow microporosity of the carbons was further investigated by the CO 2 adsorption isotherms at 0°C (Figure 3 ). The data depicted show an increase in the amount of CO 2 adsorbed by the CHT8 sample, suggesting the possibility of pore opening during treatment at 850°C. This could be attributed to partial gasification of the sample as a consequence of reactions between the carbon matrix and the gases desorbed upon heating (i.e. volatile matter and other gases arising from the decomposition of the surface functionalities).
To corroborate this, the chemical changes occurring in the carbons on thermal heating were investigated using different techniques. Elemental analysis of the carbons (see data listed in Table 1 ) showed that heating induced a drastic reduction in the oxygen content of CHT8 (by almost 70%). The changes in the pH PZC values indicate that the carbons became more basic upon heat treatment; this was not unexpected since the removal of the surface functional groups would favour acidic groups which are less stable than basic ones (Bandosz 2006) .
Moreover, it is well known that most oxygen-containing functionalities decompose to CO, CO 2 and H 2 O when heated (Bandosz 2006) , and that the amounts evolved of these gases depend on the heat-treatment temperature. Quantification of the amounts of CO and CO 2 evolved as determined by TPD coupled to MS indicated that the amounts of gases remaining in the carbons at 850°C were very little, and that virtually all of the surface functional groups had decomposed. This supports the suggestion that a partial gasification of the samples occurred on heating, with large amounts of volatiles being evolved even though an inert atmosphere was employed. On the other hand, it should be pointed out that heating at 450°C resulted in a decrease in the oxygen content, although this occurred to a smaller extent with CHT8. Therefore, both samples possessed different surface chemistries. This is extremely important, given that both carbons C and CHT4 showed absolutely identical textural properties.
It may be inferred that major textural changes were induced in the carbons when high temperatures were applied, whereas heating under milder conditions (lower temperatures) allowed the porosity of the material to be maintained completely unaltered. Thermal treatment also brought about important changes in the chemical properties of the carbons. Most of the surface groups were gradually removed with the result that the acid-base properties of the adsorbents were changed quite considerably, the extent of such change depending on the treatment temperature. This is a critical aspect to be considered in adsorption processes and might provide the key to understanding the role of the surface chemistry and porosity in the uptake of aromatic compounds.
The nature of the surface functionalities (type and density) was evaluated from XPS ( Table 2) . Deconvolution of the C1s spectra enabled the identification of several C-O bonds in different 160 C.O. Ania et al./Adsorption Science & Technology Vol. 25 No. 3/4 2007 Pore width ( environments which may be assigned to the various oxygen-containing functionalities (Moulder et al. 1992; Terzyk 2001) . The results are listed in Table 2 . The raw carbon C presented a wide variety of functionalities, including quinones, phenolic-type groups and carboxylic groups. This agreed well with its acidic nature as confirmed by the low value of pH PZC . As expected, the functionalities were removed on heating the samples. Analysis of the spectrum of CHT4 indicated that, in this case, all the carboxylic groups had been removed from the carbon, while quinones and phenolic groups were still present in the carbon matrix. Further increase in temperature resulted in the removal of almost all the functionalities. These results are in good agreement with the stability of these groups. Thus, it is well know that -COOH groups are the most labile and would be expected to decomposed at temperatures in the range 300-400°C, while quinone and phenol/ether-type structures are stable up to 600-700°C. Figure 4 illustrates the experimental naphthalene adsorption isotherms on the as-received and thermally modified carbons. The data for the three samples depicted all exhibit a marked plateau at high equilibrium concentrations of the adsorbate; this is characteristic of systems where the saturation limit of the carbon has been attained. The isotherms depicted all exhibit different shapes, suggesting different adsorption regimes. For example, samples C and CHT4 showed isotherms that were somewhat S-type in shape according to the classification of Giles et al. (1960) , as opposed to the L-type shape exhibited by the CHT8 sample. Whilst the latter shape is characteristic of systems where no strong competition occurs with the solvent for active adsorption sites (strong adsorbate-adsorbent interactions), the S-type character of the isotherms for the C and CHT4 samples indicates that solvent competition was more important in these cases. This is more obvious in the data for sample CHT4, where the initial downward curvature of the data was followed by a plateau and then the start of a final upsweep. It should be pointed out that S-type isotherms are characteristic of weak adsorbate-adsorbent interactions, which leads to limited adsorption at relatively low adsorbate concentrations (Giles et al. 1960) . It is possible that, in the case of sample CHT4, the large textural development of the carbon may have somewhat masked the S-type character of the isotherm since this latter type of isotherm is usually observed for non-porous adsorbents such as clays. Thus, it would appear that water might have interfered with the removal of naphthalene, either by competing for the same adsorption places or by inhibiting the accessibility of naphthalene probes to the active sites on the carbon. This observation becomes more evident when the isotherms are plotted on a log-log scale. Such a plot is also depicted in Figure 4 from which it can be seen that the isotherms for the C and CHT4 samples are parallel, whereas those of CHT8 and CHT4 intersect at low solution concentrations thereby confirming the presence of two adsorption regimes. Retention was low in CHT4 at low equilibrium concentrations (C e < 5 ppm). However, as more sites in the substrate were filled (C e > 5 ppm), it became increasingly difficult for a solvent molecule to compete for the adsorption sites or to find vacant sites. As a consequence, fresh naphthalene molecules were adsorbed and thereby contributed to the upsweep in the isotherm at high solution concentrations. For CHT8, its hydrophobic character minimized such solvent competition, as seen by the L-type isotherm displayed. Above the intersection point, this carbon exhibited a smaller adsorption capacity than that attained in CHT4. However, the saturation limit was reached faster, indicating that the active sites of the carbon were filled.
Adsorption from the aqueous phase
If account is taken of the textural and chemical changes occurring in the carbons upon thermal treatment at different temperatures, the behaviour towards naphthalene retention must be related to both the hydrophobic/hydrophilic nature of the carbons and their textural characteristics. Moreover, this effect depends on the range of equilibrium concentration considered in the isotherms. Similar observations have been reported for the adsorption of aromatic compounds (Walters and Luthy 1984; Terzyk 2003) .
The decrease in the oxygen content of CHT4 relative to C resulted in an important increase in naphthalene uptake over the whole concentration range (generation of parallel isotherms). This demonstrates that naphthalene adsorption was enhanced by hydrophobic adsorbents. This result contrasts with those reported in the literature (Seredych and Gierak 2004; Seredych et al. 2005) which showed a positive enhancement of naphthalene uptake on synthetic carbons oxidized with 6 M HNO 3 . In these cases, the observed behaviour could have been related to the pore size of the oxidized carbon, irrespective of its theoretical surface chemistry which was not reported.
However, when the adsorption behaviours of CHT4 and CHT8 samples are compared it is necessary to consider the two regimes separately. Below the intersection point (i.e. at large adsorbent doses or low solution concentrations), adsorption followed the trend C < CHT4 < CHT8 which may be linked to the acid-base nature of the adsorbents. The more basic the carbons, the greater the adsorption of naphthalene. Thus, when the carbon becomes strongly basic (most of the surface functionalities removed), the adsorption isotherm becomes L-type thereby indicating that stronger interactions occur between the carbon and the adsorbent.
Beyond the intersection point (i.e. at high solution concentrations), adsorption follows the trend CHT4 > CHT8, which should be linked to the textural characteristics of the carbons. It should be remembered that CHT8 exhibited a low surface area and pore volume, irrespective of its larger narrow micropore volume (as evaluated by the CO 2 adsorption isotherms) relative to the CHT4 sample. Consequently, although CHT8 was the more basic, its porosity dramatically diminished on thermal treatment. Moreover, the saturation limit was attained more rapidly for this activated carbon sample than for any other, indicating that the active sites were completely filled. It would appear, therefore, that CHT8 presented a smaller number active sites for naphthalene removal, with these sites be rapidly completely filled; thus, this carbon presented a lower overall naphthalene capacity than the CHT4 sample.
Since the naphthalene molecule is non-polar, one would expect adsorption to be linked exclusively to the porosity of the carbons, making a mechanism based on dispersive interaction the most plausible for adsorption. However, this assumption on its own is insufficient to explain why two carbons with identical porous networks (C and CHT4) displayed different extents of naphthalene removal. To understand this issue, it is necessary to reconsider the effect of functionalization on the forces responsible for the adsorption process.
Naphthalene molecules are believed to interact with the carbon surface due to their polyaromatic structure, involving dispersive interactions with the π-electron-rich regions located in the graphene layers of the carbons. Why adsorption decreases upon functionalization can be explained by two possible theories.
The first is based on the reduction in the affinity of the adsorbent for the non-polar naphthalene molecules due to presence of the surface groups. When oxygen-containing groups occur at the edges of the graphene layers, a part of the π-electron density of the graphene layers is withdrawn due to the electronegativity of oxygen. As a result, the strength of the dispersive interactions decreases and fewer naphthalene molecules are adsorbed onto the carbon surface. This mechanism would explain the increase in uptake of CHT4 relative to the C sample; although both exhibited similar textural characteristics, sample CHT4 possessed the higher oxygen content.
The second hypothesis involves the role of solvent competition, which arises from the non-negligible competition of water in carbons of high oxygen content. The hydrophobic/ hydrophilic nature of an activated carbon is linked to its oxygen content. In other words, carbons possessing a large amount of oxygen exhibit quite pronounced polarity so that water may be adsorbed preferentially. Water can be adsorbed by means of hydrogen bonding on oxygen-containing functional groups, followed by clustering of additional water molecules at these sites (Pan and Jaroniec 1996; Müller and Gubbins 1998) . Accessibility of the pollutant to the inner pore structure (where the active sites for adsorption are located) may be prevented since polar groups are mainly located at pore entrances (Donnet 1982) . This is corroborated by the mechanism based on dispersive interactions with the graphene layers.
The hydrophobic nature of CHT8 should minimize solvent competition. Hence, the affinity of this adsorbent for naphthalene molecules should be higher and the carbon should present stronger forces of adsorption than its counterparts C and CHT4.
To further corroborate these assumptions, the nature of these interactions between the adsorbate and the adsorbents was explored by thermogravimetric analysis of the exhausted samples. The desorption profiles of the samples are shown in Figure 5 . These plots were normalized by subtracting the corresponding profiles for the raw carbons, thereby avoiding any misinterpretation of the peaks associated with the decomposition of the surface functionalities. Two peaks were observed in all cases regardless of the type or amount of surface groups, suggesting that naphthalene adsorption proceeded via the same adsorption mechanism for the three samples studied. The first peak, centred at ca. 100°C, was assigned to water desorption while the second peak, centred at ca. 400°C, was attributed to naphthalene desorption. The assignment of this latter desorption peak to naphthalene was confirmed by analyzing the gases evolved during TPD by an FT-IR detector coupled to the TPD analyzer.
It is interesting to note that naphthalene was evolved at the same temperature for both samples C and CHT4, thereby indicating that the same adsorption forces were involved with both carbons. However, this peak was shifted to higher temperatures for CHT8, again consistent with the contention that that the forces responsible of adsorption were stronger in CHT8 than in CHT4.
This observation also confirmed that the active sites were those micropores whose sizes were close to that of the naphthalene molecule [0.7 × 0.4 nm, as evaluated by molecular simulation (Kao and Allinger 1977) ]. Since the naphthalene molecule is flat, this preferential orientation (enabling dispersive interactions) will lead to the adsorption potential being maximized in pores of smaller dimensions, i.e. those of narrow microporosity. This interpretation agrees well with the fact that the desorption peak appeared at higher temperatures for CHT8. Moreover, despite possessing the most adequate pores for maximizing the adsorption forces, the overall retention of naphthalene by CHT8 was lower than by CHT4. This is because the latter had the lower pore volume and hence saturation of the active sites was attained rapidly. Support for the importance of microporosity (and particularly narrow microporosity) in the adsorption of naphthalene was provided by an analysis of the porosity of the samples after naphthalene adsorption via N 2 and CO 2 adsorption isotherms (cf. Figures 1-3) . Before the measurement of any isotherms, the samples were outgassed under vacuum overnight at 120°C in order to avoid any partial removal of the retained naphthalene during the outgassing procedure. The most drastic effect was observed with the CHT8 sample, where the volume of the narrow micropores was reduced by 66% after naphthalene uptake. The main difference observed as a result of naphthalene adsorption in this sample was the decrease in the volume of pores narrower than 1 nm (Figure 2) , confirming that the naphthalene were mainly retained therein. These results confirmed that the adsorption of naphthalene depended greatly on the pore-size distribution of the adsorbent, being enhanced in pores with narrow dimensions.
CONCLUSIONS
The retention of naphthalene on activated carbons with different surface and textural heterogeneities was investigated. The results confirmed that adsorption depended strongly on the pore-size distribution of the adsorbent, with micropores being the active sites for adsorption. DTG analyses of the exhausted samples showed that the adsorption forces were stronger in those carbons whose pores had dimensions equal or close to those of the target probe. These results were supported by studies of the textural properties of the carbons after naphthalene exposure, which revealed that the main difference arising from the retention of naphthalene was associated with pores which were narrower than 1 nm.
Functionalization of the carbon surface strongly influenced the overall adsorption capacity of the carbons, since two carbons with identical porous networks but different oxygen functionalities displayed very different extents of naphthalene removal. On the one hand, retention of naphthalene was favoured in carbons of a basic nature (i.e. of a highly non-polar character). The presence of oxygen functionalities diminished the extent of the dispersive interactions due to the electron-acceptor nature of the surface groups. On the other hand, the hydrophilic character of the carbons could have given rise to strong water competition for available adsorption sites. Water would be adsorbed on the polar groups on the carbon surfaces, generating hydration clusters that reduced the accessibility and affinity of naphthalene molecules to the inner pore structure. Consequently, the hydrophobic/hydrophilic character of the adsorbent is important, since it controls any undesirable competitive adsorption of water.
